Background: Several countries are discussing new legislation regarding the ban on smoking in public places, based on the growing evidence of the hazards of secondhand smoke (SHS) exposure. The objective of the present study is to quantitatively assess the relationship between smoking, SHS, and serum cotinine levels in the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort.
Introduction
The carcinogenic effect of tobacco smoke was established when Doll and Hill conducted the first large epidemiological study in 1950 (1) . Today, smoking is recognized as a major contributing factor in a vast variety of conditions including cancers, vascular, and respiratory diseases (2) (3) (4) , not only to the individual who smokes but to others exposed to secondhand smoke (SHS; refs. 5, 6) . Consequently in 2002, the International Agency for Research on Cancer (IARC) Working Group classified SHS as a group I human carcinogen (7, 8) . Currently, several countries are discussing new legislation on the ban of smoking in public places; however, the World Health Organization (WHO) reported that only 17 countries had smoke-free policies that provide universal and effective protection from SHS in 2008 (9) .
Despite the fact that self-administered questionnaires are frequently limited in terms of reliability and validity, they are routinely used to investigate smoking habits. Gorber and colleagues (10) have suggested that selfreported estimates may underestimate true smoking prevalence, with higher discrepancies in populations in which smoking is socially undesirable. Therefore, owing to the importance of smoking status and exposure to SHS for epidemiological research, biomarkers have been developed. Cotinine is the main metabolite of nicotine and a reliable biomarker of recent nicotine intake (11, 12) . Although some foods contain small amounts of nicotine, cotinine level is considered as a reliable indicator of recent exposure to SHS (13) .
Cotinine has a half-life of about 15 to 40 hours, reflecting both active and passive smoking during previous days (14) . This biomarker has been linked to several modulating factors, including gender, body mass index (BMI), race, number of cigarettes, types of cigarette, filter, and the way the product is smoked (15, 16) . Picket and colleagues (17) have compared serum cotinine levels in nonsmokers living under extensive, limited, and no coverage smoke-free laws in different locations in the United States. To ensure that the sample included only nonsmokers, they used information from self-administered questionnaires and only included subjects who had serum cotinine levels lower or equal to 56.8 nmol/L (10 ng/mL). Subjects who declared passive smoke at home were also excluded from the sample. The results showed that among nonsmoking adults living in counties with extensive smoke-free law coverage, 12.5% were exposed to SHS, compared with 35.1% with limited coverage and 45.9% with no coverage.
In a meta-analysis of studies of passive smoking and lung cancer (18) among never-smoking females exposed to spousal smoking, the pooled relative risks were 1.22 in 5 cohort studies and 1.18 and 1.33, in 23 population-based case-control studies and 22 non-population-based casecontrol studies, respectively. The authors highlighted the fact that although the excess risk from SHS exposure is small, the high prevalence of this exposure makes it an important risk factor for lung cancer among nonsmokers.
Vineis and colleagues (8, 19) previously explored the carcinogenic effects of SHS in the European Prospective Investigation into Cancer and Nutrition (EPIC) study and observed that nonsmokers (never-and former-smokers) subjected to environmental smoke are at greater risk of lung cancer than subjects with no exposure. They estimated from the EPIC cohort that among never-and former-smokers, the SHS attributable proportion for lung cancer was 16%.
The objective of the present study is to quantitatively assess the relationship between smoking status, SHS, and cotinine levels in serum, by using a nested subcohort within the EPIC cohort.
Methods

The EPIC cohort
The EPIC is an ongoing multicentre European cohort study which recruited more than 520,000 healthy volunteers from 23 centres in 10 countries (Sweden, Denmark, Norway, the Netherlands, the United Kingdom, France, Germany, Spain, Italy, and Greece) between 1993 and 1998. The study includes men and women aged mainly between 35 and 74 at recruitment. Dietary and nondietary (lifestyle, anthropometric) information was collected through 2 questionnaires at enrolment. Further details of this study have been published previously elsewhere (20) .
The current study utilizes data from a nested case-control within the EPIC cohort, which includes 899 cases of lung cancer and 1770 controls, matched by country, gender, date of blood collection, and date of birth (21) . Subjects with missing information for smoking status, serum cotinine level, sex, age, or BMI were excluded from the sample.
Consent was obtained from all participants for the use of their blood samples for future analyses. The study was approved by local ethics committees in the participating countries and the ethical review board of the IARC.
Self-reported smoking
Information on SHS at home or at the workplace was collected in 13 out of 23 EPIC centers (6 in France, 5 in Italy, 1 in the Netherlands, and 1 in Germany), including home and workplace exposures, by using questions such as: "Does someone regularly smoke at home?" and "At work, are there people smoking in your presence?". The magnitude of SHS exposure was assessed by using questions on the number of hours per day of passive smoking each participant was exposed to (information for France and Italy) and the number of cigarettes per day smoked at home and at the workplace (information for France, Italy, Spain, the Netherlands, Greece, and Sweden).
Laboratory analyses
Participants were also asked to provide a blood sample at recruitment, following a standardized protocol.
Serum cotinine measurements were available for 2,699 participants within the nested case-control study design. Laboratory analysis was carried out at Bevital AS (Bergen, Norway). The concentration of cotinine was determined by mass spectrometry-based methods (liquid chromatography coupled to tandem mass spectrometry and gas chromatography coupled to tandem mass spectrometry) with sensitivity of 1 nmol/L (0.18 ng/mL) and limit of quantification of 2 nmol/L (0.35 ng/mL; ref. 22) . Nondetected serum cotinine levels were set at 0 nmol/L.
Statistical analysis
To evaluate the effect of smoking status as well as SHS on cotinine levels, subjects were classified according to the following criteria: never-smoker and no-passive exposure (NeSNP), never-smoker and passive exposure (NeSP), former-smoker and no-passive exposure (FSNP), former-smokerand passive exposure (FSP), and current smoker (CS); passive exposure could be at home or at the workplace.
Information on passive exposure (yes or no) was available only for the samples from France, Italy, the Netherlands, and Germany. As the distribution of serum cotinine was asymmetrical, for our analytical purposes we approximated it to a gamma distribution and transformed the data by adding 1 unit to all values of serum cotinine (nmol/L), to deal with 0 serum cotinine levels. This only affects the intercept (shifting the curve), not affecting the estimate of the slopes. Then, the association between smoking categories and cotinine levels was assessed by using a generalized linear model (GLM) with gamma distribution, adjusting for age, sex, BMI, and country (because nicotine contents may differ among brands of cigarettes). It has been reported that age, sex, and BMI modify the relationship of number of cigarettes to cotinine (15, 16) . BMI was considered as a confounder because subjects with a higher BMI tend to exhibit lower cotinine concentrations, possibly because of the distribution of cotinine into a bigger volume of blood (16) . Females may take smaller and shorter puffs (23) and smoking behavior may differ accordingly to age. The sample size for this analysis was 859.
We built 2 further GLMs to evaluate: (i) the effect of hours of SHS per day on cotinine levels in nonsmokers (never and former). Information about hours of SHS per day was available only in the samples from France and Italy (n ¼ 107). (ii) the effect of the average number of cigarettes currently smoked per day on serum cotinine in smokers (n ¼ 832, information available from France, Italy, Spain, the United Kingdom, the Netherlands, Greece, Germany, and Sweden). In this latter model a better fit was achieved after adjusting for confounders considering the normal distribution.
All statistical analyses were carried out by using SAS 9.2 for Windows (SAS Institute).
Results
Among 3,818 subjects, 2,669 had information on cotinine level and 859 on both cotinine and passive smoke exposure. Some subjects who had declared not being smokers presented very high levels of cotinine. Usually people with cotinine levels higher than 80 nmol/L (14.08 ng/mL) are considered as active smokers (24) . We excluded 9 self-declared nonsmokers with cotinine levels higher than 500 nmol/L (88.03 ng/mL; more than 2.65 SD away from the mean in nonsmokers), considered to be outliers. This exclusion affected participants from the following exposure categories (serum cotinine levels in nmol/L): 2 NeSNPs (893. 23 Tobacco exposure categories were found to be significant predictors (P < 0.01) of serum cotinine levels adjusting for country, sex, age, and BMI. serum cotinine means, whereas Table 2 shows the comparisons between pairs of exposure categories. Among non-SHS exposed subjects, there was no significant difference in serum cotinine concentrations between never-and former-smokers (mean difference of 0.84 nmol/L or 0.15 ng/mL, P ¼ 0.29), whereas the cotinine levels of current smokers were considerably higher than the 2 other categories of nonactive smoking; 1283.85 nmol/L or 226.03 ng/mL higher than neversmokers (P < 0.01) and 1283.01 nmol/L or 225.88 ng/mL higher (P < 0.01) than former-smokers.
Never-smoker and passive exposure had cotinine concentrations that were 3.07 nmol/L (0.54 ng/mL) higher than NeSNP. This was similar for former-smokers where FSP compared with FSNP presented cotinine concentrations 5.85 nmol/L (1.03 ng/mL) higher (P ¼ 0.01). Among those who were passively exposed to cigarette smoke, there was a 3.61 nmol/L (0.64 ng/mL) difference in cotinine concentrations between never-and former-smokers that was not statistically significant (P ¼ 0.12).
Furthermore, in this analysis the effect of country and age were nonsignificant (P ¼ 0.34 and P ¼ 0.41, respectively), but being male increased serum cotinine levels by 1.44 nmol/L (0.25 ng/mL; P ¼ 0.04). The effect of BMI was also significant with an increase of 0.19 nmol/L (0.03 ng/mL) per unit increase in BMI (P ¼ 0.01).
In the sample with information on the number of hours of passive smoking (n ¼ 107, with 2 outliers deleted), an increase of 1 hour of passive smoking a day was associated with a 2.58 nmol/L (0.45 ng/mL; P < 0.01) higher mean serum cotinine concentration after controlling for country, age, sex, and BMI (Table 3) . Country, sex, age, and BMI presented no effect (P ¼ 0.86, 0.51, 0.88, and 0.30 respectively).
Among current smokers (n ¼ 832), an increase of 1 cigarette per day was associated with a 22.44 nmol/L (3.95 ng/mL; P < 0.01) higher average serum cotinine level after controlling for country, age, sex, and BMI (Table 4 ). In this model there are differences of cotinine levels among countries (Table 4 , P < 0.01). In addition, being male increases cotinine levels by 109.9 nmol/L (19.35 ng/mL) compared with females (P ¼ 0.03), and each increase in BMI reduces cotinine levels by 31.88 nmol/L (5.61 ng/mL, P < 0.01).
As reported in Table 1 , cotinine levels are much higher for smokers. It is possible to estimate the 
Discussion
In this study, we have applied 3 general linear models to investigate how components of smoking exposure are quantitatively related to serum cotinine levels (15, 16, 23 ). The first model showed that among nonsmokers without SHS exposure, cotinine levels did not differ between never-and former-smokers. Among those who were passively exposed, FSP had slightly higher cotinine concentrations on average when compared with NeSP, but the difference was not significant (P ¼ 0.12). The sample size of the FSP group is quite small (n ¼ 37) with average cotinine levels of 9.66 nmol/L (1.70 ng/mL) and a large standard error (2.16 nmol/L). The 95% confidence limits presents a lower limit of 5.95 nmol/L (1.05 ng/mL) which is quite lower than the upper limit 8.15 nmol/L (1.43 ng/ mL) of the NeSP group. The number of passive smoking hours are similar between the 2 categories NeSP and FSP (means of 1.28 and 1.17 hours, respectively), but it should be noted that in the sample size for former-smokers with passive smoking hours, information is limited (n ¼ 6 data not shown). In a recent paper, Piccardo and colleagues suggested that among smokers the exposure to their own indoor environmental smoke is not negligible, if smoking occurs in indoor environments (25) . We did not compare cotinine levels among current smokers with and without passive exposure.
In our results, it is clear that among nonsmokers, passive exposure significantly increases serum cotinine levels (never-smokers: P < 0.01, and former-smokers: P ¼ 0.01). In general, 1 extra hour of passive exposure is associated with a 2.58 nmol/L (0.45 ng/mL) increase in cotinine levels. A range of studies show that cotinine levels are positively related to the number of hours of passive tobacco exposure (26) or with the number of cigarettes actively smoked (10, 15, 16, 24) , but none have compared never-and former-smokers. Whincup and colleagues (6) found an excess of risk of coronary heart disease for higher concentrations of serum cotinine among nonsmokers; this is strengthened by the increase in risk of dying from cardiovascular diseases from home SHS exposure observed by Gallo and colleagues (5).
Being exposed to SHS increases serum cotinine levels by 3.07 nmol/L (0.54 ng/mL) in never-smokers and 5.85 nmol/L (1.03 ng/mL) in former-smokers. Vineis and colleagues (8) suggested that former-smokers may be more susceptible to the effects of environmental tobacco smoke, having higher levels of cotinine when compared with never-smokers, after controlling for number of hours of passive smoking. The fact that cotinine levels were very similar between former-and never-smokers suggests that cotinine levels reduce upon cessation of smoking owing to the short half-life. However, we do not have data for cotinine levels by time since cessation, which is a limitation of the study.
Furthermore, it was found that cotinine levels were related to sex and BMI, in agreement with previous studies (15, 16) . However, BMI is inversely associated with cotinine but this relation was not observed in nonsmokers. Females may metabolize nicotine differently from males because of hormonal factors, may take smaller and shorter puffs (as we adjusted for number of cigarettes smoked), men could have underreported actual use of tobacco or women could have over reported (23) . Our findings in current smokers concur with previous publications: cotinine levels increase when the mean number of cigarettes per day increases (15, 16, 24) . As shown in Table 4 , the magnitude of the rise was 22.44 nmol/L (3.95 ng/mL) for each increase in cigarette smoked per day.
Our results regarding the relationships between cotinine levels and categories of smoking status, hours of SHS per day, and number of cigarettes smoked per day show that the self-reported answers to the tobacco exposure questionnaire were accurate.
Strulovici-Barel and colleagues (27) evaluated bronchoscopy and genome-wide gene expression of 121 healthy volunteers from New York City. The group was separated into nonsmokers, active smokers, and individuals exposed to low levels of tobacco smoking (environmental tobacco exposure and/or occasional smoking). The results showed that the small airway epithelium is very sensitive to low-level tobacco smoke exposure (nicotine and cotinine levels were considered for this classification). They conclude that "the changes in gene expression are likely the earliest biological abnormalities in the small airway epithelium that lead to clinically detectable lung disease in some individuals." Hence it is possible that high levels of SHS exposure (by using cotinine concentrations as proxy) may be relevant for lung cancer aetiology in nonsmokers.
Conclusions
We conclude that in accordance with previous studies, active tobacco smoking is associated with increases in serum cotinine levels in individuals. Furthermore, we find that SHS also increases serum cotinine levels: this effect may be stronger in former-smokers compared with never-smokers (not significant in this study with only 37 FSP subjects). We strongly support the proposed smoking ban which will provide protection to never-smokers and former-formers by reducing SHS exposure.
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